Uncontrollable or inescapable shock (IS) produces behavioral changes that are characterized by a sensitized fear system and a deficit in fight-flight responding. These behavioral changes have been argued to represent an anxiety-like state produced by the uncontrollability of the stressor. The bed nucleus of the stria terminalis (BNST) has been implicated in the mediation of long-duration responses to unpredictable stressors, which have also been argued to represent anxiety. In the present study, the effects of BNST chemical lesion on the IS-induced sensitization of freezing to an environment previously paired with shock and the IS-induced impairment of escape responding were investigated. BNST chemical lesion blocked the potentiation of freezing and the increases in escape latency that normally follow IS.
The bed nucleus of the stria terminalis (BNST) is adjacent to the anterior commissure in the basal forebrain and makes up the rostral part of the continuum known as the extended amygdala. The BNST has been strongly implicated in mediating the responses to stimuli that contain an affective salience, so that (a) BNST activation produces neuroendocrine (Dunn, 1987) and behavioral (Casada & Dafny, 1991) responses that resemble those produced by stress, and (b) BNST inactivation decreases the neuroendocrine and behavioral responses to stress (Gray et al., 1993) , and blocks some forms of unconditioned fear (Davis, Walker, & Lee, 1997; Fendt, Endres, & Apfelbach, 2003; and the effects of centrally injected corticotropin-releasing hormone (CRH; . Furthermore, stressors increase BNST levels of stress-related neurotransmitters and neuropeptides, including CRH (Chappell et al., 1986; Makino et al., 1999; Stout, Mortas, Owens, Nemeroff, & Moreau, 2000) and norepinephrine (NE; Pacak, McCarty, Palkovits, Kopin, & Goldstein, 1995) . In addition, the release of these substances within the BNST has been shown to mediate, in part, some of the behavioral consequences of stressor exposure (Cecchi, Khoshbouei, Javors, & Morilak, 2002; .
Although the BNST mediates many responses to stressors, its function is not always critical (Gewirtz, McNish, & Davis, 1998; Hitchcock & Davis, 1991; LeDoux, Iwata, Cicchetti, & Reis, 1988; Treit, Aujla, & Menard, 1998) . A consideration of the circumstances in which the BNST is, or is not, involved in the mediation of the consequences of stressor exposure has led Davis and colleagues to suggest that the BNST mediates long-duration responses to unpredictable threatening or aversive stimuli, while the anatomically related central nucleus of the amygdala (CeA) mediates short-term responses to stimuli that are predictable in nature Walker, Toufexis, & Davis, 2003) . Davis and colleagues called these long-duration, BNST-mediated responses "anxiety," and the short-duration, CeA-mediated responses "fear."
Exposure to uncontrollable or inescapable shock (IS) produces a constellation of behavioral changes that are not observed if the shock is controllable or escapable (ES). These behavioral responses have been called "learned helplessness" (Maier & Seligman, 1976, p. 3) or "behavioral depression" (Weiss et al., 1981, p. 167) and include a sensitization in behaviors related to fear and anxiety and a concomitant decrease in behaviors related to fightflight. Uncontrollable shock is by nature unpredictable, and the behavioral changes in fear and anxiety are long lasting (24 -48 hr), so that this behavioral paradigm produces a state that meets the Davis group's criteria for "anxiety." Hence, the behavioral changes observed following uncontrollable shock might be expected to be blocked by BNST inactivation, but not CeA inactivation. It is already known that large lesions of the amygdala that include the CeA do not block the usual behavioral consequences of IS (Maier et al., 1993) . In the present study, the effects of chemical lesions of the BNST on IS-induced changes in fear and escape were investigated. tained on a 12-hr light-dark cycle. Food and water were provided ad libitum. Behavioral testing was performed between 0800 -1200, during the light portion of the light cycle. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Colorado at Boulder.
Apparatus
Rats given IS were placed into Plexiglas tubes 17.5 cm long ϫ 7.0 cm wide. Each rat's tail extended from the rear of the tube and was attached with tape to a Plexiglas rod. Electrodes were fixed to the tail, and computer-controlled 1.0-mA shocks were created by shock sources modeled after the Grason-Stadler Model 700 shock source.
For behavioral testing rats were placed into shuttleboxes measuring 46.0 cm long ϫ 20.7 cm wide ϫ 20 cm high. Scrambled 0.5-mA footshocks were delivered through stainless steel grids on the floor of the apparatus. The shuttle box was divided into two halves by an aluminum wall containing an archway that allowed passage from one side to the other.
Procedure
Rats were anesthetized with Halothane, and a 10-l syringe attached to an infusion pump was stereotaxically placed into the region of the BNST. Coordinates for BNST infusion, taken from the atlas of Paxinos and Watson (1998) , were, from bregma, AP ϭ -0.4 mm, DV ϭ -6.8 mm, and ML Ϯ1.7 mm. Two hundred nanoliters of N-methyl-D-aspartate (NMDA; Sigma-Aldrich, St. Louis, MO) was infused into each BNST over 4 min. The tip of the injector was located in the lateral BNST near the junction of the dorsal and ventral aspects of the BNST. For sham-operated control animals, equivolume saline was infused.
One week after surgery, rats were assigned to one of four groups: IS ϩ lesion, IS ϩ sham, home-cage ϩ lesion, or home-cage ϩ sham. Rats in the IS groups were given 100 five-s tailshocks delivered on a 1-min variableinterval schedule. Home-cage rats received no treatment on the treatment day.
All subjects received behavioral testing 24 hr later. Both conditioned fear and shuttle box escape learning were tested by means of a procedure described elsewhere (Maier et al., 1993) . Freezing was measured for the first 5 min after placement in a shuttle box. Each subject's behavior was scored every 8 s as being either freezing or not freezing. Freezing was defined as the absence of all movement except that required for respiration. The observer was blind with regard to treatment condition, and interrater reliability has been calculated to be Ͼ .92. This observation period was followed by two footshocks, which could be terminated by crossing to the other side of the shuttle box (fixed ratio-1 [FR-1] trials). IS does not alter FR-1 shuttle box escape latencies (Maier et al., 1993) , therefore IS and home-cage subjects were exposed to shocks of equal duration. These two shocks were followed by a 20-min observation period in which freezing was scored. Prior work has indicated that this freezing is a measure of fear that has been conditioned to the contextual cue of the shuttle box (Fanselow & Lester, 1988) . This observation period was followed by three further FR-1 escape trials and then 25 FR-2 escape trials. The subjects were required to cross to the other side and then back to terminate shock on the FR-2 trials, and it is here that IS-induced escape deficits are typically revealed. Each shock terminated after 30 s if an escape response had not occurred.
Histology
At the completion of the study, rats were anesthetized, perfused, and their brains removed and fixed in a 10% Formalin-30% sucrose solution. Brains were then sectioned on a cryostat and stained with Cresyl violet. Lesion verification of the sections was conducted under a light microscope.
Data Analysis
Data were analyzed with repeated measures analysis of variance (ANOVA) and followed with Newman-Keuls analysis (alpha set at .05), which made all possible pairwise comparisons.
Results
A typical lesion is shown in Figure 1 . NMDA lesions of the BNST blocked the effects of IS on later escape behavior and freezing behavior. FR-2 escape latencies are shown in Figure 2A . As is typical, exposure to IS led to poor escape performance in sham-lesioned rats, and this effect was eliminated by BNST lesion. The BNST lesion did not, by itself, alter escape performance. An ANOVA revealed a reliable effect of shock treatment, F(1, 27) ϭ 5.482, p Ͻ .05; lesion, F(1, 27) ϭ 5.152, p Ͻ .05; and an interaction between shock treatment and lesion, F(1, 27) ϭ 8.884, p Ͻ .05. There were reliable interactions between trials and shock treatment, F(4, 108) ϭ 6.034, p Ͻ .05; and trials and lesion treatment, F(4, 108) ϭ 5.133, p Ͻ .05; but not between trials, shock treatment, and lesion, F(4, 108) ϭ 1.742, p Ͼ .05. A Newman-Keuls analysis revealed a reliable difference between rats in the IS ϩ sham group and all other groups. No other group differences were found.
The same pattern was present with regard to conditioned fear ( Figure 2B ). For freezing behavior, ANOVA revealed a reliable effect of shock treatment, F(1, 26) ϭ 17.369, p Ͻ .05, and lesion, F(1, 26) ϭ 5.046, p Ͻ .05. The interaction between shock treatment and lesion was not quite significant, F(1, 26) ϭ 1.904, p Ͼ .05. There was a reliable interaction between 2-min blocks of freezing and shock treatment, F(9, 234) ϭ 4.001, p Ͻ .05, but not between 2-min blocks of freezing and lesion, F(9, 234) ϭ 1.210, p Ͼ .05. There was no interaction between 2-min blocks of freezing, shock treatment, and lesion, F(9, 234) ϭ 1.036, p Ͼ .05. A Newman-Keuls analysis revealed a reliable difference between the IS ϩ sham group and all other groups. No other group differences were found.
Discussion
Chemical lesion of the BNST blocked the interference with escape responding and potentiated fear conditioning normally observed 24 hr after IS. The lesions in this study spared the fibers of passage, thereby implicating BNST cell bodies in mediating these effects.
The BNST can be subdivided on the basis of its inputs and outputs Dong, Petrovich, Watts, & Swanson, 2001; McDonald, Shammah-Lagnado, Shi, & Davis, 1999) , and BNST subregion can be functionally distinct and relevant (Cecchi et al., 2002) . This preliminary report did not determine the BNST subregion mediating the behavioral consequences of uncontrollable shock; however, the data clearly show that at least one subregion of BNST neurons is critical.
Many studies have implicated the BNST in mediating the response to fearful or threatening stimuli Fendt et al., 2003; , whereas many others have not (Gewirtz et al., 1998; Hitchcock & Davis, 1991; LeDoux et al., 1988; Treit et al., 1998) . Davis and colleagues Walker et al., 2003) have suggested that this discrepancy is due to the nature of the stressor, and that long-duration responses to unpredictable stimuli (anxiety) are neuroanatomically distinct from shorter responses to predictable stimuli (fear). The former are mediated by activation of the BNST; and the latter, activation of the CeA. A similar distinction between fear (short-duration response to predictable stimuli) and anxiety (long-duration response to unpredictable stimuli) has been made with regards to uncontrollable stressors . Uncontrollable stressors have been argued to induce anxiety, and it has been further argued that this anxiety produces many of the behavioral responses of uncontrollable stress. Thus, the finding that BNST lesions block the behavioral changes of IS provides a parallel to the work of Walker et al. (2003) that used the startle paradigm.
However, Schulz and Canbeyli (2000) have reported that BNST lesions enhanced escape deficits in a different model of uncontrollability: learned despair. In this model, rats that have been exposed to forced swimming show decreased attempts to escape the same situation upon reexposure 24 hr later. The difference between the Schulz and Canbeyli study and the results reported here could be explained by important methodological factors. First, Schulz and Canbeyli used electrolytic BNST lesions, which would destroy the fibers of the stria terminalis. These fibers carry projections from the CeA and basolateral and basomedial nuclei of the amygdala, which project to many areas, including several hypothalamic regions (MacLean, 1985) . Second, the escape deficits reported here are produced by IS, but not by equivalent ES (Maier, 1990) , suggesting that these behaviors result from stressor uncontrollability, and not other aspects of stressor exposure. Although learned despair may be an important model of depression, it is not clear what aspect of forced swim produces the escape deficits 24 hr later, and Schulz and Canbeyli did not observe many escape failures 24 hr after forced swim in nonlesioned rats (Schulz & Canbeyli, 2000) . Furthermore, the escape deficits in the present study were observed in a novel environment, ensuring that environmental cues did not mediate transfer from Day 1 stressor exposure, a possible conditioned effect. Schulz and Canbeyli have previously reported that BNST lesion reduces freezing behavior to uncontrollable aversive tones (Schulz & Canbeyli, 1999) , which is consistent with the effects of BNST lesion on freezing behavior reported here. In any case, learned helplessness and behavioral despair are not the same phenomenon, as one does not predispose rats to the other (Drugan, Skolnick, Paul, & Crawley, 1989) .
Similarly, Henke (1984) showed that electrolytic BNST lesion reduces escape deficits to a tone that had previously been paired with immobilization. Again, this effect may have been caused by destruction of the stria terminalis fibers rather than BNST cell bodies. By itself, BNST lesion did not affect escape behavior in control rats in the present study. Shumake, Edwards, and Gonzalez-Lima (2002) found that basal oxidative metabolism was decreased in the BNST of rats bred for their susceptibility to the development of learned helplessness. However the BNST response of these rats to stressors was not tested, nor was the decreased oxidative metabolism correlated with behavioral activity. Although these data imply a role for the BNST in congenitally helpless rats, it is unclear how the BNST would respond to uncontrollable stress. IS has been associated with over-reactivity of NE in the locus coeruleus (LC; Weiss & Simson, 1985) and serotonin (5-HT) in the caudal dorsal raphe nucleus (DRN; Maswood, Barter, Watkins, & Maier, 1998) . If the BNST has a role in mediating the effects of IS, it would likely involve interactions with one or both of these systems. Weiss and colleagues have argued that IS, relative to ES, increases NE release within the LC and its projection regions, and that this increased NE downregulates LC ␣2 adrenergic autoreceptors so that cells in this region respond to subsequent stimulation with a potentiated release of NE (Weiss & Simson, 1985) . NE neurons in the LC are modulated by CRH (Casada & Dafny, 1993) , and the BNST is a rich extrahypothalamic source of CRH (Gray & Magnuson, 1992; Moga, Saper, & Gray, 1989; Phelix & Paull, 1990; Shimada et al., 1989; Swanson, Sawchenko, Rivier, & Vale, 1983) . However, for at least one stressor, this regulation involves a CRH projection from the CeA, and not the BNST (Curtis, Bello, Connolly, & Valentino, 2002) . Fibers from the BNST do directly contact NE dendrites that extend into rostral dorsolateral peri-coerulear areas (Van Bockstaele, Peoples, & Valentino, 1999) , so that a BNST influence on the LC in some circumstances cannot be discounted. In addition to the possibility that the BNST is afferent to the LC, the LC may also modulate BNST activity. An extensive role has been found for NE release within the BNST in mediating the response to stressors (Cecchi et al., 2002; Onaka & Yagi, 1998) and stress-induced drug reinstatement (Leri, Flores, Rodaros, & Stewart, 2002) . However, the source of BNST NE in this case appears to be the A1-A2 NE cell groups, with only a minor input from the LC (Aston-Jones, Delfs, Druhan, & Zhu, 1999; Delfs, Zhu, Druhan, & Aston-Jones, 2000) .
We have argued that the DRN 5-HT system is also sensitized following IS. The neural activation marker, c-Fos, shows a greater expression in caudal DRN 5-HT neurons following IS, when compared with ES , and prolonged elevated levels of 5-HT are observed following IS within the DRN (Maswood et al., 1998) and its projection regions (Amat, MatusAmat, Watkins, & Maier, 1998a , 1998b Bland et al., 2003) . Moreover, pharmacological suppression of DRN 5-HT neurons during IS blocks IS-induced behavioral changes Sutton, Grahn, Wiertelak, Watkins, & Maier, 1997) , and pharmacological activation of these neurons produces IS-like behavioral changes in the absence of shock Hammack, Pepin, et al., 2003; Hammack, Schmid, et al., 2003; Maier, Busch, Maswood, Grahn, & Watkins, 1995) . Together, these data suggest that IS produces a larger activation and release of caudal DRN 5-HT than does ES, and that this activation is responsible for the behavioral changes produced by uncontrollable shock. This hypothesis has been extensively reviewed and may involve an interaction with LC NE systems (Grahn et al., 2002) .
Low doses of CRH are inhibitory on DRN 5-HT neurons, but that inhibition subsides and becomes excitatory at high doses (Hammack, Pepin, DesMarteau, Watkins, & Maier, 2003; Kirby, Rice, & Valentino, 2000; Price, Curtis, Kirby, Valentino, & Lucki, 1998; Price & Lucki, 2001) . Moreover, CRH excitation of DRN 5-HT neurons may be regionally selective, activating 5-HT neurons in the same caudal DRN area that is selectively activated by IS (Lowry, Rodda, Lightman, & Ingram, 2000) . Therefore, we have recently suggested that the caudal DRN 5-HT activation observed during IS is produced by the release of a CRH-like ligand into the caudal DRN during IS because (a) CRH activates caudal DRN neurons (Lowry, Rodda, Lightman, & Ingram, 2000) , (b) a DRN CRH antagonist blocks IS-induced behavioral changes, and (c) CRH produces the changes in the absence of shock . Moreover, these effects are mediated by CRH Type 2 receptors (Hammack, Schmid, et al., 2003) . The source of DRN CRH is unknown. As noted earlier, the extended amygdala is a major source of extrahypothalamic CRH, and this is most notable for the BNST and the CeA (Gray & Magnuson, 1992; Shimada et al., 1989; Swanson et al., 1983) . As already noted, large electrolytic lesions of the amygdala that include the CeA do not block the behavioral changes induced by IS (Maier et al., 1993) . Therefore, the BNST may be a likely region to modulate DRN activity, especially given its putative role in mediating long-duration responses to unpredictable stressors.
Because neurons in the caudal DRN mediate both the increased fear and decreased fight-flight associated with IS Maier et al., 1993) , areas afferent to the DRN that drive its activity during IS should modulate both fear behavior and fightflight. Hence, if the BNST is an afferent source of CRH to the DRN, BNST lesion would be expected to attenuate the effects of IS on both fear behavior and behavior in an escape task. It has been suggested that DRN 5-HT facilitates learned defensive behaviors via forebrain projections, while simultaneously inhibiting fight-orflight reactions via projections to the dorsal periaqueductal gray (for a review, see Graeff, Viana, & Mora, 1997) . Furthermore Handley (1995) has suggested that 5-HT effects in active organisms tend toward behavioral inhibition. The data presented here support the notion that the BNST is involved in the shift from active fight-flight responding to passive behavioral inhibition, presumably through interactions with the DRN.
